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[57] ABSTRACT

A heterodyne pumping method and system are pro-
vided for producing gyromagnetic resonance in a sam-
ple. The system includes a unidirectional static mag-
netic field for polarizing the sample. A first oscillating
magnetic field having a first frequency is applied to said
sample in the direction of said static magnetic field. A
second oscillating magnetic field having a second fre-
quency is applied transverse to said static magnetic
field. A magnetic resonance response exhibited by said
sample is detected and filtered by a bandpass filter so as
to eliminate any drive signal interference. First and
second oscillating magnetic fields are selected having
first and second frequencies that provide wideband
frequency separation from the resonance frequency of
the sample.

19 Claims, 4 Drawing Sheets
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1

METHOD AND SYSTEM FOR PROVIDING
HETERODYNE PUMPING OF MAGNETIC
RESONANCE

BACKGROUND OF THE INVENTION

1. Technical Field

This invention relates generally to methods for pro-
ducing gyromagnetic resonance and, more particularly,
to an improved method and apparatus for providing

heterodyne pumping of nuclear magnetic resonance

which reduces drive interference and enables observa-
tion while exciting a sample.

2. Discussion

Nuclear magnetic resonance 1s a well known phe-
nomenon in which resonance exhibited by nuclei in a
wide variety of atoms reveals information about a sam-
ple such as the determination of the molecular structure
thereof. This phenomenon has become a valuable tool
for use in medical and chemistry laboratory instrumen-
tation devices which include magnetic resonance imag-
ing (MRI) and nuclear magnetic resonance spectrome-
ters. Generally speaking, nuclear magnetic resonance 1s
based upon the existence of magnetic forces or moments
attributed to quantized nuclear spins, which when
placed in a magnetic field, give rise to distinct nuclear
Zeeman energy levels between which spectroscopic
transitions can be induced.

It is generally known in the art that when an applied
radio-frequency (RF) radiation signal matches the natu-
ral transition or resonating frequency for a given nuclei,
the resulting interaction is detected as a resonance. That
is, nuclear magnetic resonance occurs in the sample
when the angular velocity of the RF field equals the
angular velocity of the precession of the vector repre-
senting the magnetic moment of the sample about the
direction of the polarizing field. A more detailed de-
scription of magnetic resonance theory is presented in
U.S. Pat. No. 2,845,595 1ssued on Jul. 29, 1958 to Leete
entitled “Apparatus For Measuring Electrical Quanti-
ties”” and which is hereby incorporated by reference.

To induce and observe nuclear magnetic resonance, a
number of conventional techniques have been devel-
oped. These techniques generally involve placing a
sample in a unidirectional direct current (DC) or static
magnetic field so as to align the nuclei of atoms making
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up the sample. One conventional approach for observ-

ing nuclear magnetic resonance 1s commonly known as
the Bloch method (or stanford technique) which 1s
based on the well known Bloch equation. According to
this approach, a transmitting coil and receiving coil are
located near the sample, each having an axis onented
perpendicular to one another and the static magnetic
field. The transmitting coil supplies a radio frequency

20

(RF) drive magnetic field transverse to the direction of 55

the static magnetic field so as to induce a nuclear mag-
netic resonance response from the sampie (1.e., pumping

the sample). When the RF drive field frequency

matches the resonance frequency of the sample, a reso-
nance is produced which is then detected as a voltage
induced on the receiving coil.

However, it is often the case that the magnetic field
produced from the nuclei may be more than a million
times weaker than the drive magnetic field. It 1s there-
fore generally necessary to provide for an arrangement
whereby the relatively weak signal induced in the re-
ceiving coil by the magnetic field of the nuclei 1s not
obliterated or overly interfered with by the strong drive
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magnetic field. This type of situation in which the drive
signal contaminates the received signal 1s commonly
referred to as the drive contamination problem.
According to the prior art, a number of approaches
have been used to reduce the drive contamination in-
duced in the receiver coil. One approach 1s referred to
as a time sequencing arrangement which gives rise to a
number of pulsed techmiques. According to the time
sequencing approach, no observation is made of the
nuclei while the dnive signal 1s “on” since the nuclear
signal would otherwise likely be obliterated due to the
strong drive signal induced in the receiver coil. How-
ever, it is generally known that the excited nuclei con-
tinue to supply a magnetic field for a short interval after
the drive signal is turned off. Accordingly, the observa-
tion of nuclei by the receiver coil can be made during
this interval following the turn off of the drive signal. In
practice, there is also a very short interval following the
turn off when observation of the nuclear signal may be
impossible because the receiver electronics typically do
not recover immediately from the strong drive signal.
A second and a third method for reducing drive con-
tamination have commonly been used for continuous
wave (CW) or steady state techniques in which the
drive signal is applied to the sample at the same time
that the nuclei are stmultaneously observed. According
to the second technique, the drive coil is arranged so
that the magnetic field thereof is perpendicular to the
axis of the receive coil. In principle, true perpendicu-
larly would eliminate the drive contamination. How-
ever, in practice, true perpendicularity requires very
precise geometrical adjustment of the drive and re-
cetver coils. In addition, precise adjustments are diffi-
cult to maintain in order to minimize the drive contami-
nation to a level where the nuclear signal is usefully

observable.
The third technique is somewhat similar to the sec-

ond approach except a single coil is used in place of the
drive and receive coils for providing both the drive and
receive operations. According to this approach, a
bridge circuit having a compensation coil 1s used to
introduce a signal from the drive source into the output
signal so as to cancel the drive signal contamination
picked up by the coil. However, this technique also
requires a very precise circuit arrangement with a care-
ful adjustment of the component values thereof in order
to achieve adequate cancellation of the drive signal
associated therewith.

Another method of producing gyromagnetic reso-
nance is described in U.S. Pat. No. 3,462,676 1ssued to
Makoto Takeuchi et al, which provides a method of
exposing a sample to an RF magnetic field normal to a
polarizing magnetic field while superimposing a modu-
lating audio frequency field on the polarizing field.
Magnetic resonance response is detected when the sum
of the frequencies of the RF magnetic field and modu-
lating audio field equals the resonating frequency of the
sample. This approach, however, requires an RF fre-
quency that is very near the resonance frequency and

‘therefore does not allow for large frequency separations

between both of the drive signals and the resonance
frequency of the sample. As a consequence, this method
is also easily susceptible to drive signal interference and
therefore requires rather careful adjustment of the coils
in order to minimize the directly induced drive voltage
in the receiving colil.
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In each of the prior art systems described above, the
drive frequency is the same or very near the same fre-
quency as the nuclear resonance frequency. Thus, it is

difficult to discriminate between the nuclear signal and

the drive contamination picked up by the receiver coil.
In the above cited U.S. Pat. No. 3,462,676, the inventors
state that many practical difficulties are encountered
with higher frequency separations which include direct
flux leakage from the modulation coil to the nuclear
magnetic resonance receiver coil resulting from the
higher power required. It is one goal of the present
invention to overcome these difficulties.

It is therefore desirable to provide for an enhanced
method and apparatus for producing gyromagnetic
resonance in a sample. More particularly, it is desirable
to provide for a heterodyne method of producing gyro-
magnetic resonance which effectively allows for simul-
taneous observation of the magnetic resonance response
from the sample. In addition, it i1s desirable to provide
for such a method which exhibits wide frequency sepa-
ration between drive signals and the resonance response
and 1s not easily susceptible to drive contamination. It is
further desirable to provide for such a method which
offers increased measuring capability and the ability to
obtain more precise information from the sample.

SUMMARY OF THE INVENTION

In accordance with the teachings of the present in-
vention, a method and apparatus for producing gyro-
magnetic resonance in a sample are provided herein. A
unidirectional static magnetic field 1s generated for po-
larizing the sample. A first oscillating magnetic field is
applied to the sample with a vector component aligned
with the unidirectional static magnetic field. A second
oscillating magnetic field is further applied to the sam-
ple having a vector component transverse to the unidi-
rectional static magnetic field. A pickup coil detects the
resonance response from the sample. The response is
then filtered by a bandpass filter and subsequently am-

plified so as to provide resonance information about the
sample.

BRIEF DESCRIPTION OF THE DRAWINGS

Other objects and advantages of the present invention
will become apparent to those skilled in the art upon
reading the following detailled description and upon
reference to the drawings in which:

FIG. 1 is a block diagram which illustrates a hetero-
dyne pumping system for producing gyromagnetic res-
onance in a sample according to one embodiment of the
present invention;

FI1G. 2 1s a schematic representation of a pair of input
drive coils and an output pick-up coil oriented to pro-
duce gyromagnetic resonance in a sample in accordance
with the present invention;

FIG. 3 1s a block diagram which illustrates a hetero-
dyne pumping system for producing gyromagnetic res-
onance in a sample according to a second embodiment
of the present invention; and

FIGS. 4A through 4C are graphjcal illustrations of 60

magnetic resonance response signals obtained from a
sample produced by the heterodyne pumping system
according to one example of the present invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

Turning now to FIGS. 1 and 2, a heterodyne pump-
ing system 10 is shown therein for producing gyromag-
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netic resonance in a sample 12 according to one embodi-
ment of the present invention. The system 10 described
herein actively applies a pair of oscillating magnetic
fields to the sample 12 so as to induce a magnetic reso-
nance response from sample 12. The magnetic reso-
nance response in turn is detected and provides informa-
tion about sample 12. Such information may include the
natural resonating frequency of the sample 12 which in
turn may enable one to determine the material makeup
of sample 12 and transitions found therein. The mag-
netic resonance information may advantageously be
employed in connection with a number of applications
which may include but are not limited to a magnetome-
ter, spectrometer or 1imaging devices such as a micro-
scope or magnetic resonance imaging device.

The heterodyne pumping system 10 employs a strong

- unidirectional static magnetic field H, which aligns the

nuclel that are present in the sample 12 with an orienta-
tion along static magnetic field H,. Static magnetic field
H, 1s shown generated by a magnet having Magnetic
pole sections 14a¢ and 14b. As an alternative, for some
applications, the earth’s magnetic field may suffice to
provide the necessary static magnetic field H,. How-
ever, it 1s generally known that a stronger magnetic
field will allow for an enhanced signal-to-noise ratio and
is therefore generally more desirable.

The heterodyne pumping system 10 includes a pair of
orthogonally arranged drive coils 16 and 18 which are
ortented orthogonal to one another. For purposes of
this description, drive coils 16 and 18 are hereinafter
referred to as axial drive coil 16 and transverse drive
coil 18, respectively. Together, axial drive coil 16 and
transverse drive coil 18 provide a heterodyne magnetic
drive mechanism for generating a pair of orthogonally
oriented magnetic fields. Axial drive coil 16 includes
first and second multiturn coil sections 162 and 165
located on opposite sides of sample 12 and having an
axis 1 the direction of static magnetic field Ho,,.

According to a first embodiment shown in FIG. 1,
axial drive coil 16 1s coupled to a first oscillator 24 via
an amplifier 26 and a blocking capacitor C. First oscilla-
tor 24 supplies axial drive coil 16 with an alternating
current (AC) electrical signal which has an axial drive
frequency f4. Accordingly, axial drive coil 16 electri-
cally induces a first oscillating magnetic field having
axial drive frequency f4 in the direction of static mag-
netic field H,. In effect, the oscillating magnetic field
having axial drive frequency f4 may be considered to be
modulating the static magnetic field H, at frequency f4.

In addition, a variable direct current (DC) source 28
and resistor R are further coupled to axial drive coil 16
at a location between capacitor C and coil 16. Variable
DC source 28 provides a DC signal to axial coil 16
which may variably increase or decrease the strength of
static magnetic field H,. Accordingly, variable DC
source 28 may ecasily change the strength of static mag-
netic field Hy according to desired operations. Blocking
capacitor C 1s provided for purposes of preventing any
unwanted DC signals from reaching amplifier 26 and
oscillator 24. |

Transverse drive coil 18 has a multiturn coil located
near sample 12 with an axis positioned transverse (i.e.,
perpendicular) to unidirectional static magnetic field
H,. Transverse drive coil 18 is coupled to a second
oscillator 30 via an amplifier 32. Accordingly, second
oscillator 30 supplies a second AC electric signal to
transverse drive coil 18 having a transverse drive fre-
quency {7. Transverse drive coil 18 thereby electrically
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induces an oscillating magnetic field having transverse
drive frequency frthat is oriented perpendicular to both
the axial oscillating magnetic field having axial drive
frequency f4 and static magnetic field Ho.

An output receiver coil 20 i1s provided for detecting
any nuclear magnetic resonance response exhibited by
sample 12. Output receiver coil 20 has an axis which is
located orthogonal to the axis of transverse drive coil 18
and axial drive coil 16. According to the coil arrange-
ment provided herein, the receiver coil 20 further re-
duces drive signal interference. This is because the drive
signals which are orthogonal thereto generally are not

detectable according to such an orthogonal orientation.
However, from a practical standpoint it 1s generally
very difficult to obtain exact geometric orthogonality
amongst the drive and receiver coils 16, 18 and 20. As a
consequence, drive signal interference may be unavoid-
ably detected by receiver coil 20.

Output receiver coil 20 is coupled to a bandpass filter
34 which provides narrow bandpass filtering of the
detected magnetic resonance response signal. The band-
pass filter 34 has a narrow bandpass frequency range
that is selected so as to filter out any unwanted signal
interference such as that caused by dnive signal contam-
ination. According to the present invention, the pass-
band for filter 34 is selected so as to pass the nuclear
resonance signals while simultaneously rejecting both
drive frequencies f4 and f. An amplifier 36 is coupled
to the output of the bandpass filter 34 for amplifying the
filtered response signal. An optional second bandpass
filter 38 may be coupled to the output of amplifier 36 for
purposes of further narrowing the bandwidth and
thereby reducing any undesirable noise that may be
associated with the response signal.

The present invention advantageously filters the re-
ceived signal prior to any amplification thereof. This 1s
desirable because non-linearities which are commonly
associated with amplifiers such as amplifier 36 may
create sum and difference frequencies. According to the
contamination problem, if both drive frequencies frand
f 4 are applied to amplifier 36, the non-linearities associ-
ated with amplifier 36 may produce a signal similar in
frequency to the nuclear resonance frequency, thus
contaminating the nuclear resonance response signal.

The frequency filtering provided by bandpass filter
34 advantageously allows the nuclear resonant response
frequency to pass therethrough while rejecting the
drive frequencies frand f4. The greater the separation
between the nuclear resonant frequency f,and the dnive
frequencies fTand f4, generally the easier it is to build
the frequency filtering device 34. For a large separation
in frequency, the resonant Q of the conventional re-
ceiver coil can provide sufficient frequency filtering.
However, it may be appropriate to augment the con-
ventional resonant pickup coil 20 with additional fre-
quency filtering elements such as linear inductors and
capacitors and/or linear electromechanical elements
which are capable of avoiding the sum and difference
frequencies produced by non-linearities.

In determining the amount of frequency separation, a
balance must be made between the strength of the drive
signals and the complexity of the frequency filter 34. An
increase in frequency separation generally requires an
increase in the strength of the dnve signals which tends
to increase the amount of drive contamination. Coun-
terbalancing this is that an increase in the amount of
frequency separation generally makes it easier to con-
struct a filter 34 of increased rejection of the drive fre-
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quencies. Various applications may benefit more from
different frequency selections depending on the amount
of frequency separation and the complexity of the avail-
able frequency filtering. For a given application, one
should choose the frequency separation so as to reduce
the drive contamination to an acceptable contamination
level.

A processor 40 and output display 42 are shown re-
ceiving the amplified and filtered nuclear magnetic
resonance response signal for providing processing and
display of detected nuclear resonance response informa-
tion. Processor 40 may be designed to process the re-
sponse information for purposes related to specific ap-
plications which may include analyzing the magnetic
nuclear response to detect the resonant frequency of the
sample 12 so as to determine the chemical makeup
thereof. Processor 40 may be further designed to per-
form a number of additional processing capabilities
which may include processing the response information
for purposes of providing magnetic resonance 1maging
(MRI) among numerous other applications.

In operation, the heterodyne pumping system 10 is
properly set up so that a sample 12 is located 1n unidi-
rectional static magnetic field H, as provided by mag-
netic pole sections 14a and 145. Unidirectional static

magnetic field H, uniformly aligns the nuclei present in
sample 12. The axial drive coil 16 is aligned with the
unidirectional magnetic field H,, while transverse drive

coil 18 and output receiver coil 20 are arranged orthog-
onal thereto and further to one another. First and sec-
ond oscillators 24 and 30 are selected to generate first
and second oscillating signals which have axial and
transverse drive frequencies f 4 and f7which are selected
so that the sum or difference thereof is substantially
equal to the resonance frequency of the sample 12.

To effectuate excitation of sample 12, the axial oscil-
lating magnetic field and transverse oscillating mag-
netic field are applied to sample 12 orthogonal to one
another. The sample 12 provides a nuclear magnetic
resonating response having frequency f, whenever the
sum or difference of the drive frequencies f4 and frof
the oscillating magnetic fields is substantially equal to
the natural resonating frequency that is characteristic of
sample 12. When the sum or difference of drive frequen-
cies £4 and f7are not substantially equal to the resonat-
ing frequency, the sample 12 exhibits a very small re-
sponse at the drive frequency, if any exists.

Output receiver coil 20 receives the resonance re-
sponse from the sample 12 by detecting a voltage 1n-
duced thereon. In addition, output receiver coil 20 may
be resonated with a capacitor to act as a filtering device
for filtering out the axial and transverse drive frequen-
cies f4 and frprovided by drive cotls 16 and 18 which
are orthogonal thereto. The resonance response 1s ap-
plied to a first bandpass filter 34 which operates to filter
out drive interference which may have been i1nadver-
tently detected by output pick up coil 20. In some cases,
the frequency filtering provided by the resonant re-
ceiver coil 20 may suffice as the bandpass filter 34. The
filtered response is subsequently amplified by amplifier
36 and may be further filtered by a second bandpass
filter 38. The resulting response signal has a frequency
f, indicative of the resonating frequency characteristic
of the sample 12 which may be processed by processor
40 in accordance with a number of applications. |

In accordance with a second embodiment of the pres-
ent invention, the heterodyne pumping system 10 may
provide an oscillating system in which frequency is
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controlled by the nuclear resonant frequency as shown
in FIG. 3. For a given material, say for example the
protons in water (H>O), the nuclear resonant frequency
1s determined only by the strength of the DC magnetic
field. Therefore, the oscillating system to be described
herein 1s useful for measuring or monitoring the
strength of magnetic fields with great accuracy. For
example, 1t 1s particularly useful for measuring vara-
tions of the earth’s magnetic field in geophysical re-
search or for measuring and stabilizing strong magnetic
fields used in physics, chemistry and medicine.

In accordance with the configuration of the second
embodiment as shown in F1G. 3, the heterodyne pump-
ing system 10 is again accomplished by two drive fre-
quencies {4 and f7applied respectively to the axial coil
16 and transverse coil 18. However, in this embodiment
there is only one oscillator 30 which supplies a signal
with one drive frequency to one of the coils, such as the
transverse coil 18 via amplifier 32. In order that the
frequency of oscillation of the system can be determined
by the nuclear resonant frequency, the other drive fre-
quency is obtained from the nuclei with suitable pro-
cessing.

The nuclear resonance output signal at frequency f,is
picked up by the receiver coil 20. This output signal is
first filtered by band pass filter 34 which passes the
nuclear resonant frequency f, and rejects the drive fre-
quencies {4 and {7 Then the output signal is amplified
by amplifier 36. A second band pass filter 38 may follow
amplifier 36, especially in situations where it is desirable
to reduce noise by a further reduction of bandwidth.
Filter 38 may be of the phase locked loop type using
active components which enable the filter to track the
frequency of the signal over a frequency range that is
relatively large compared to the band pass width of the
filter 38. In contrast, filter 34 should contain only pas-
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sive linear elements 1n order to avoid the production of

a sum or difference of the drive frequencies which
would interfere with the nuclear signal and proper op-
eration.

The processing that is used to obtain the axial drive
frequency {4 is provided by a mixer 44 which has two
inputs and an output. The two inputs to mixer 44 are
supplied respectively by oscillator 30 and the output

40

signal from band pass filter 38. These frequencies are fT 45

and f,, respectively. The mixer output then contains the
sum and difference of drive frequency fr and output
frequency {,, namely fr+f, and f,—f7. One combina-
tion, such as the difference f,—f7, is passed by band pass
filter 46 which rejects the other combination and also
rejects any residual of frequency f, that may be present.
The output from filter 46 is then amplified by amplifier
26 to provide the axial drive signal with frequency {4.
Thus, the axial drive frequency f4 is equal to f,—f7
Accordingly, the sum of the axial and transverse drive
frequencies f4 and fris equal to frequency f, so that
heterodyne pumping of nuclear resonance takes place
and yet the nuclear resonance determines frequency f,
which 1s the frequency of oscillation of the oscillating
system.

The signal out of band pass filter 38 is the output
signal of the nuclear resonance controlled oscillating
system at frequency f, which is the nuclear resonance
frequency that is determined solely by the magnetic
field H,. This signal can be counted by a frequency
counter 48 and sent to processor 40 as appropriate for
the intended use. As 1s commonly the case for most
osclllators, this oscillating system begins oscillation by
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amplifying noise which is regenerated and filtered until
a full steady state oscillation ensues.

According to the second embodiment, the multiplica-
tion of the transverse drive frequency frwith the output
response frequency f, determines the axial drive fre-
quency f4. The frequency frselection is selected so that
there exists a wide frequency separation between each
of the drive signals and the resonance frequency of the
sample 12. Accordingly, only one oscillator is required,
while the required wideband frequency separations are
maintained.

It will be apparent to those skilled in the art that there
are many other ways of obtaining the drive frequencies
f4 and frirom the output nuclear response frequency f,
without departing from the scope of this invention. For
example, by processing the output of amplifier 36 using
phase locked loop techniques in conjunction with digi-
tal techniques, followed by band pass filters, it is easily
possible to create the frequencies 4f, and %f, which may
be used as drive frequencies f4 and f7, to provide the
heterodyne drive to pump the nuclear resonance at
frequency f,. Accordingly, the frequency of oscillation
will be controlled by the nuclear resonance, while fre-
quencies f7and {4 are derived without an external oscil-
lator. Therefore, operation of the oscillating system can
be achieved whenever one or both of the drive frequen-
cies f4 and {rare derived from frequency f,and the sum
or difference of drive frequencies f4 and fris equal to
frequency f,.

FIGS. 4A through 4C illustrate one example of mea-
sured results obtained from an experimental demonstra-
tion of the heterodyne pumping described herein ac-
cording to a spectrometer application. The graphical
data provided therein was obtained according to the
heterodyne pumping system 10 described in FIG. 1.
Sample 12 included a rubber material and the nuclear
resonance observed the protons which make up the
nuclei of the hydrogen atoms found in rubber. The axial
drive frequency f4 was set at approximately three
Megahertz (3 Mhz) and the transverse drive frequency
f7 was set at approximately four megahertz (4 MHz).
The nuclear resonance was therefore approximately
seven megahertz (7 MHz). The graphs include a hori-
zontal axis of DC magnetic field H, and a vertical axis
corresponding to the modulus of the 7 MHz signal out-
put from band pass filter 38.

Referring to FIG. 4A, the peak amplitude 60 repre-
sents the nuclear resonance response which occurs
when the DC current is set to the desired amplitude so
as to achieve a nuclear magnetic resonance frequency
equal to 7 MHz. As the DC field H, moves away from
this amplitude, the nuclear resonance response essen-
tially falls off. Accordingly, the response shown in FIG.
4A 1s the sum of the nuclear resonance and a constant 7
MHz signal.

FIG. 4B i1s similar to 4A with the exception that the
added constant 7 MHz signal has been shifted in phase
by ninety degrees. FIG. 4C shows the response absent
any 7 MHz signal, from which double humped ampli-
tude peaks 62 and 64 are achieved which are the result
of the nuclear resonance response alone. The double
humps are the result of the drive being larger than a
value referred to as saturation. The resulting shape of
the curve in FIG. 4B provides useful information,
known as relaxation times T1 ad T2, which concern the
interaction of the nuclei with neighboring atoms.

While the heterodyne pumping system 10 may advan-
tageously serve as a spectrometer as discussed above,
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the heterodyne pumping system 10 may also serve as a
magnetometer for measuring the intensity of a magnetic
field. Proton magnetometers are commonly employed
to monitor variations in the magnetic field of the earth,
to search for buried objects therein such as ore and oil
and further to locate objects such a submarine sub-
merged in water. In contrast to many conventional
magnetometers, the present invention may advanta-
geously provide a proton magnetometer which requires
less power to operate. In doing so, the magnetometer
preferably employs the heterodyne pumping system 10
according to the embodiment shown in FIG. 3 mn a
manner which requires relatively low power consump-
tion.

According to the proton magnetometer application,

10

I5

the frequency {, of the oscillating system as shown in -

FIG. 3 with a known selected sample 12 1s employed
which has a known natural resonating frequency re-
sponse. According to a preferred embodiment, water
may be employed as the sample 12, since water has
protons with a known resonance response frequency of
approximately 4257.59 cycles per gauss. Given the sys-
tem oscillation frequency f, and known resonating re-
sponse, one Is able to measure the magnetic field H,.
This is because the output frequency f, is proportional
to the magnetic field being measured. Accordingly, the
magnetometer may advantageously be employed to
detect the magnetic field of the earth and small varia-
tions thereof simply by observing the frequency of os-
cillation f, with a known sample having a known natural
resonating response. Using this approach, it is conceiv-
able that the magnetometer may be developed so as to
require a relatively low amount of power of approxi-
mately one milliwatt (1 MW) or less.

While this invention has been described herein in
connection with a particular three-coil arrangement, a
number of coil arrangements may be employed without
departing from the invention. For instance, either a
single or cross-coil magnetic resonance system may be
employed. In addition, the present invention may be
employed in conjunction with other known magnetic
resonance systems for achieving enhanced perfor-
mance.

In view of the foregoing, it can be appreciated that
the present invention enables the user to achieve hetero-
dyne pumping of nuclear magnetic resonance which
enables observation during excitation and reduces drive
interference. Thus, while this invention has been dis-
closed herein in combination with a particular example
thereof, no limitation 1s intended thereby except as de-
fined in the following claims. This is because a skilled
practitioner recognizes that other modifications can be
made without departing from the spirit of this invention
after studying the specification and drawings.

What is claimed 1s:

1. A heterodyne pumping system for producing gyro-
magnetic resonance in a sample having a resonating
frequency comprising: | |

means for providing a unidirectional static magnetic

field for polanizing said sample;

first source means for applying a first oscillating mag-

netic field to said sample in a direction substantially
aligned with said static magnetic field, said first
magnetic field having a first frequency;

second source means for applying a second oscillat-

ing magnetic field to said sample in a direction
substantially transverse to said unidirectional static
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magnetic field, said second magnetic field having a
second frequency;

receiver means for detecting a resonance response
from said sample.; and

filter means coupled to the receiver means and having
a frequency pass band for filtering said resonance
response,

wherein each of said first and second frequencies are
widely separated from said resonating frequency so
that the pass band rejects said first and second
frequencies and allows resonance signals to pass
therethrough.

2. The system as defined in claim 1 further compris-

ing:

means for selecting the first and second oscillating
magnetic fields so that the sum of the first and
second frequencies substantially equals the resonat-
ing frequency of said sample.

3. The system as defined in claim 1 further compris-

ing:

means for selecting the first and second oscillating
magnetic fields so that the difference between the
first and second frequencies substantially equals the
resonating frequency of said sample.

4. The system as defined in claim 1 wherein said filter

means comprises 2 passive narrow bandpass filter di-
rectly coupled to an output of said receiver means for

filtering said resonance response.

5. The system as defined in claim 1 further compris-
Ing: )

amplification means coupled to said filter means for

amplifying said filtered resonance response.

6. The system as defined in claim 1 wherein said |
receiver means comprises a receiver coll for detecting
magnetic resonance exhibited substantially orthogonal
to said first and second oscillating magnetic fields.

7. The system as defined in claim 1 wherein:

said first source means includes a first transmission

coil; and

said second source means includes a second transmais-

sion coil.

8. The system as defined in claim 1 wherein one of
said first and second source means includes a multiplier
for multiplying the frequency of said other source
means by the resonance response frequency to provide
a sum and difference thereof, either of which provide
the other frequency.

9. A heterodyne pumping system for producing gyro-
magnetic resonance in a sample having a resonating
frequency comprising:

means for providing a unidirectional static magnetic

field for polarizing said sample;

first source means for applying a first oscillating mag-

netic field to said sample which has a vector com-
ponent in the direction of said unidirectional static
magnetic field; |

second source means for applying a second oscillat-

ing magnetic field to said sample which has a vec-
tor component transverse to said unidirectional
static magnetic field;

receiver means for detecting a resonance response

from said sample;

filter means coupled to said receiver means and hav-

ing a narrow frequency pass band for providing
filtering of said resonance response so as to allow
resonance signals with a frequency within said pass
band to pass therethrough while filtering out drive
signal interference; and
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amplification means coupled to said filter means for

amplifying said filtered resonance response.

10. The system as defined in claim 9 further compris-
ing:

means for selecting the first and second oscillating

magnetic fields so that the sum of the first and
second frequencies substantially equals the resonat-
ing frequency of said sample.

11. The system as defined in claim 9 further compris-
ing:

means for selecting the first and second oscillating

magnetic fields so that the difference between the
first and second frequencies substantially equals the
resonating frequency of said sample.

12. The system as defined in claim 9 wherein said first
and second oscillating magnetic fields have a frequency
separation from said resonating frequency of an amount
which places the first and second frequencies outside
said frequency pass band of said filter.

13. A method for producing gyromagnetic resonance
in a sample so as to detect the nuclear magnetic reso-
nance of said sample, said method comprising: |

applying a unmidirectional static magnetic field to said

sample;

applying a first oscillating magnetic field having a

first frequency oriented substantially in the direc-
tion of said unidirectional static magnetic field;

applying a second oscillating magnetic field having a

second frequency oriented substantially in a direc-
tion transverse to said unidirectional static mag-
netic field;

selecting the first and second frequencies so that

wideband frequency separation exists between
each of said first and second frequencies and said
resonating frequency;

detecting a nuclear resonance response from said

sample, said nuclear resonance response having a
resonating frequency; and

filtering the nuclear resonance response so as to allow

the resonating frequency to pass through a pass
band whilie filtering out drive signal interference.
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14. The method as defined in claim 13 further com-
prising the step of selecting said first and second fre-
quencies so that the sum thereof is substantially equal to
said resonating frequency.

15. The method as defined in claim 13 further com-
prising the step of selecting the first and second frequen-
cies so that the difference therebetween is substantially
equal to said resonating frequency.

16. The method as defined in claim 13 further com-
prising the step of amplifying the filtered response.

17. A heterodyne pumping system for producing
gyromagnetic resonance in a sample having a resonat-
ing frequency, said system comprising:

a magnet for providing a unidirectional static mag-

netic field for polarizing said sample;

means for applying a first oscillating magnetic field to
said sample in a direction substantially aligned with
the static magnetic field, said first magnetic field
having a first oscillating frequency;

means for applying a second oscillating magnetic
field to said sample in a direction substantially per-
pendicular to the unidirectional static magnetic
field, said second magnetic field having a second
oscillating frequency, wherein each of said first and
second oscillating frequencies are widely separated
from the resonating frequency of the sample;

a receiver coll having an input for receiving a reso-
nance response from the sample;

a narrow band filter coupled directly to an output of
the receiver coil and having a narrow frequency
pass band for allowing resonance signals at the
resonancy frequency to pass therethrough while
filtering out the first and second frequencies; and

an amplifier coupled to an output of the narrow band
filter for amplifying the filtered resonance re-
sponse. | |

18. The system as defined in claim 17 further compris-
mg means for processing the resonance response and
determining mformation about the sample.

19. The system as defined in claim 17 wherein said

narrow band filter comprises a passive bandpass filter.
¥ % X% X ¥
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